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FOREWORD 

This  final  report  is  submitted,  in  accordance  with  Contract  DAAK70-79-C00L3, 
"Millimeter  Source  Study."  It  summarizes  the  results  of  a  study  to  investigate 
two  novel  solid-state  millimeter -wave  sources . 

The  program  was  sponsored  by  the  Slight  Vision  and  Electro-Optics 
Laboratory,  U.  S.  Army  Mobility  Equipment  and  Research  Command,  Fort  Belvoir,  Va. 
J.  E.  Miller  of  that  laboratory  was  the  program  monitor. 

C.  L.  Hayes  and  S.  K.  Yao  served  as  the  program  manager  from  July  1979 
to  Oct.  1979  and  from  Oct.  1979  to  June  1980,  respectively;  J.  SooHoo  served  as 
the  principal  investigator  from  July  1979  to  Oct.  1981,  the  duration  of  the 
program,  and  as  the  program  manager  from  June  1980  to  Oct.  1981. 

In  addition  to  J.  E.  Miller  and  R.  R.  Shurtz,  II  of  the  Night  Vision 
and  Electro-Optics  Laboratory,  the  major  contributors  to  this  program  are  the 
following  people  (in  alphabetical  order): 

R.  A.  Gudmundsen 
C.  L.  Hayes 

E.  H.  Huffman 

F.  Ryan 
J.  SooHoo 
Y.  Taur 
?.  Wang 

S.  K.  Yao 
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ABSTRACT 

We  have  investigated  two  novel  device  concepts  for  generating  CW  milli¬ 
meter  waves  with  output  power  in  the  multi-watt  range.  Implementation  of  the 
concepts  appears  feasible  with  existing  solid  state  technologies. 

The  first  concept  involves  the  utilization  of  modulated  laser  radiation 
to  induce  in  a  distributed  Schottky  diode  structure  a  travelling-wave  current 
which,  in  turn,  synchronously  excites  the  dominant  mode  of  a  waveguide  structure 
to  generate  millimeter  power.  The  induced  travelling-wave  current  is  directly 
proportional  to  the  laser  modulation  generated  by  the  interference  of  two  over¬ 
lapping  laser  beams  of  millimeter  beat  frequency.  Detailed  analysis  indicates 
that  the  device  has  both  high-output  and  frequency-tunable  characteristics. 
Experimentally ,  we  have  thus  far  demonstrated  this  concept  of  millimeter  wave 
generation  using  a  point-like  EgCdTe  diode/waveguide  structure. 

The  second  concept  involves  the  use  of  a  distributed  IMPATT  diode/wave¬ 
guide  structure.  This  structure  is  battery-operated  and  requires  no  optical 
excitation,  simply  an  elongated  Read-type  diode  in  the  gap  of  a  specially 
designed  ridgeguide.  As  in  point-like  IMPATT  diodes,  the  current  which  generates 
the  millimeter  power  is  induced  by  the  avalanche  effect.  In  this  particular 
structure,  however,  the  field-current  interaction  is  very  strong,  resulting  in 
a  growing  travelling  wave  which  extracts  energy  from  the  DC  bias .  Although 
preliminary  analytical  results  for  this  structure  using  Si  and  GaAs  parameter 
values  appear  very  promising,  a  more  detailed  study  should  be  performed. 
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1.0  INTRODUCTION 


A.  BACKGROUND 

The  advantages  of  millimeter  waves  in  many  applications  have  renewed 
significant  interest  in  the  exploitation  of  that  portion  of  the  electromagnetic 
spectrum.  In  comparison  with  visible  light  and  infrared  waves,  millimeter  waves 
penetrate  smoke,  dust,  fog  and  clouds.  As  compared  with  centi-meter  microwaves, 
millimeter  waves  offer  smailer-size  systems  and  increased  spatial  and  temporal 
resolutions.  These  advantages  of  millimeter  waves  over  electro-optics  and 
microwaves  are  important  for  many  military  applications ,  such  as  short-range 
radar,  missive  seeker,  imaging  and  covert  communications. 

As  for  the  state-of-the-art  CW  millimeter  wave  sources,  gyrotron  and  tube- 
type  systems  are  capable  of  generating  very  high  output  power,  (in  the  kilowatt 
range)  but  these  systems  are  impractical  for  most  military  applications  because 
of  their  large  sizes.  Compact  solid-state,  transit-time  devices  such  as  IMPACT 
diodes  can  produce  about  a  watt  of  CW  power  at  100  GHz,  but  their  output  power 
drops  rapidly  with  increasing  frequency,  to  only  tens  of  milliwatts  near  200  GHz. 
Although  various  power-combine  techniques  (at  both  device  and  circuit  levels) 
have  been  used  to  coherently  combine  the  output  of  individual  BIPATT  diodes , 
these  techniques  have  not  been  satisfactory,  mainly  due  to  the  rapid  increase 
of  insertion  and  path  losses  as  the  number  of  diodes  increases.  At  present  a 
compact  solid-state  millimeter  wave  source  capable  of  generating  even  a  few 
watts  of  CW  power  is  still  unavailable.  Such  a  device  would  have  significant 
impact  on  military  systems  applications . 

3.  SCOPE 

This  research  is  concerned  with  two  novel  concepts  for  generating  high- 
power  CW  millimeter  waves,  both  of  which  appear  to  be  implementable  with 
existing  solid  state  technologies. 

One  of  the  concept  involves  the  use  of  two  laser  beams  to  induce  in  a 
diode  structure  a  CW  photocurrent  which,  in  turn,  drives  a  wave  guide 

1  "> 

struc  'ire  to  gen'  ’ate  millimeter  waves  under  phase-matching  condition 
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B.  SCOPE  (Continued) 

Since  the  inception  of  this  idea,  a  great  deal  of  analysis  has  been  performed. 

We  have  found  that  most  of  the  analysis  may  he  applied  to  a  broad  class  of 
devices,  not  necessarily  limited  to  those  excited  by  lasers  or  other  optical 
means.  For  simplicity  of  injLementation,  in  fact,  it  appears  that  certain  types 
of  all -semi conduct or  transit-time  devices  seem  to  have  greater  potential  than 
the  optical  approach.  The  concept  is  simply  illustrated  in  Figure  1.  Here, 
the  current  source  is  a  consequence  of  the  laser-induced  carriers  within  the 
depletion  layer  of  a  reverse-biased  strip  Schottky  diode  which,  itself,  is  part 
of  the  millimeter  wave  structure.  The  diode  is  reverse  biased  to  saturation 
so  that  the  carriers  are  swept  out  of  the  depletion  layer  at  their  saturation 
velocity.  These  carriers  are  ^necated  through  the  absorption  of  energy  from 
the  two  interfering  laser  beams  of  millimeter  beat  frequency.  Figure  2  is  a 
functional  block  diagram  of  the  device.  The  laser  intensities,  1^  and  Ig*  are 
approximately  equal.  With  the  P.F  frequency  of  the  AO  cell  as  reference,  the 
detector  output  drives  a  feedback  loop  (not  shown)  which,  in  turn,  controls  and 
stabilizes  the  laser  beat  frequency,  or  the  output  millimeter  frequency.  The 
angle  between  the  two  laser  beams,  which  determines  the  phase  velocity  of  the 
excited  millimeter  energy,  is  controlled  by  the  turn  mirror.  The  device  is 
potentially  compact  and  light-weight,  because  the  required  laser  energy  for 
excitation  may  be  provided  by  small  sealed-off  waveguide  lasers. 

The  other  concept  involves  the  use  of  a  distributed  IMPACT  diode/wave¬ 
guide  structure.  This  structure  is  battery-operated  and  requires  no  optical 
excitation,  simply  consisting  of  an  elongated  Read-type  diode  in  the  gap  of  a 
ridged  waveguide.  The  elongated,  layered  diode  is  sandwiched  between  and 
metallically  bonded  to  the  guide  ceiling  and  ridge.  As  in  point-like  IMPATT 
diodes,  the  current  which  generates  the  mm  energy  is  induced  by  the  avalanche 
affect.  In  this  particular  distributed  structure,  however,  the  field-current 
interaction  is  very  strong,  resulting  in  a  growing  traveling  wave  which  extracts 
energy  from  the  DC  bias.  Because  of  its  relative  simplicity  in  fabrication  and 
in  systems  application,  this  structure  is  superior  to  the  laser-induced  or  any 
other  optically  induced  structures.  The  preliminary  analytical  results  we 
have  obtained  for  this  structure  using  Si  and  GaAs  parameter  values  appear  very- 
promising.  We  therefore  suggest  that  the  effort  on  the  development  of  this 
distributed  IMPATT  structure  be  continued. 
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Figure  2.  Functional  Block  Diagram  of  the  Travelling-Wave  Device 
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PRIMARY  CONTRIBUTIONS 

The  primary  contributions  of  this  work  are  as  follows: 

1.  Formulation  and  analysis  of  the  laser-induced  traveling-wave 
source  concept. 

2.  Development  of  waveguide  CO  lasers  and  related  components. 

3.  Development  of  laser-induced  device  configurations  for  CW  millimeter- 
wave  generation. 

4.  Experimental  investigation  of  the  laser-induced  concept  with 
epitaxial  HgCdTe/CdTe  as  active  medium. 

5.  Preliminary  formulation  and  analysis  of  a  simple  and  efficient 
distributed  IMPATT  structure  for  CW  millimeter-wave  generation. 
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2.0  FORMULATION  AND  CALCULATION  OF  THE  LASER-INDUCED 
TRAVELING-WAVE  SOURCE  CONCEPT 

When  a  propagating  node  of  a  transmission  line,  or  of  a  waveguide,  is 
excited  by  a  source  distribution  which  propagates  at  the  phase  velocity  of  the 
node  fields,  the  traveling  source  and  the  node  fields  are  in  phase  synchronism. 
Under  this  condition  energy  from  the  source  is  coherently  added  to  the  mode 
fields.  In  other  words,  the  interaction  is  phase-matched,  and  the  energy  of 
the  fields  "grows''  as  it  propagates  through  the  active  region.  A  simple  counter¬ 
part  of  this  traveling-wave  concept  in  the  time  domain  would  be  that  of  a  RLC 
circuit  resonantly  excited  by  a  voltage  source,  or  that  of  a  harmonic  oscillator 
which  is  driven  by  a  force  at  resonance.  In  all  these  cases  the  response  to 
the  excitation  is  maximal. 

A.  GENERAL  CONSIDERATIONS 

1.  Laser  Power  and  Induced  Current 

The  travelling -wave  current  in  the  depletion  layer  is  induced  by  two 
overlapping  laser  beams.  As  depicted  in  Figure  1,  zhe  total  electric  field  of 
the  two  lasers,  E,  in  the  depletion  layer  may  be  expressed  as 

E  ■  EjjexpKujt  •►kjzsinj}  +  E0exp1(u^t  -  k2zs1n|)  (1) 

where  z  is  the  direction  along  the  waveguide  axis,  8, is  the  angle  between  the 
two  beams  of  equal  amplitude  Eg,  and  ,  i  =  1  or  2,  are  the  laser 
frequencies  and  propagation  constants,  respectively.  'The  effective  laser 
intensity  I  illuminating  the  depletion  layer  is  then  of  the  form 

I  -  1E|2  -  2EQ2j  1  +  cos]^  -  -  (k2  +  kx)z  sin  |]  J,  (2) 

which  is  a  travelling-wave  oscillating  at  the  beat  frequency  Thus, 

the  induced  current  is  also  a  travelling-wave  since  it  is  directly  proportional 
to  the  laser  intensity.  While  the  DC  term  of  the  induced  current  contributes 
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to  heat  generation,  the  AC  term  is  a  current  source  of  frequency  w  and  of  phase 
velocity  7  given  by 


u 


“2 


“1 


V 


P 


oi g  '  ^ 

(k2  +  kj)  sin  | 


(3) 


2.  Material  Absorptivity  and  Transit  Time 

To  determine  the  effect  of  the  material  absorptivity,  a,  we  consider  a 
strip  Schottky  diode  structure  consisting  of  an  N-type  layer  sandwiched  between 
a  metal  layer  (M)  and  a  N+  layer  substrate.  In  this  MNN+  configuration  the 
absorptivity  of  the  N+  substrate  at  the  laser  wavelength  is  made  negligible 
compared  with  that  of  the  active  N  layer  of  thickness  W.  Let  i  be  the  incident 
photon  flux  entering  the  depletion  region  at  x  *  0.  Then  the  induced  current 
density  J  in  Amperes  per  'unit  area  is  ^ 


0  *  -qMl  -  e-aW)  (4) 

where  q  is  the  magnitude  of  the  electron  charge. 

Assuming  saturated  drift  velocity,  V  ,  the  maximum  density  of  electron- 
hole  pairs,  n,  generated  by  an  optical  flux  density,  <&,  is  given  by 


_J_  Ml-e~aW) 
qVs  “  Vs 


(5) 


Assuming  an  input  power  of  2  watts  at  a  wavelength  of  5.5  urn,  the  maximum 

1A  -3 

electron-hole  density  is  1.05  x  10  cm  in  the  depletion  layer.  The  space 

1* 

charge  field  generated  by  this  plasma  is  given  by 


C  -  JU  -  qnw  (6) 

V  e  e 
s 

where  e  i3  the  dielectric  constant .  For  the  photo-generated  pair  density 
calculated  above,  a  depletion  layer  width  of  1  urn,  and  the  material  parameters 
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given  in  Table  2,  the  space  charge  field  is  calculated  to  be  1.1  x  10^  V/cm, 
which  is  well  below  the  applied  field  (%2  x  10  V/cm).  Therefore,  quasi-charge 
neutrality  conditions  leading  to  an  ambipolar  type  of  diffusion  process  are 
not  relevant.  Drift,  not  diffusion,  dominates  carrier  flow  through  the 
depletion  layer. 

As  the  laser  flux  traverses  the  depletion  layer,  the  contribution  to 

the  total  current  from  individual  electrons  generated  at  a  given  point  x  along 

(  W-X  )  /V 

the  path  has  a  relative  phase  factor  e  s.  For  the  worst  case,  in 

which  we  assume  the  electrons  are  uniformly  generated  within  the  entire  deple¬ 
tion  layer,  the  transit-time  degradation  factor  B  is  simply  obtained  by 
averaging  the  phase  factor  as  follows: 


v  -rx 

/  e  s  dx 

r  s  5 _ _ sin  wt/2 

W  ~/2  ' 


(7) 


where  t  =  W/V3»  tiie  transit  time  across  the  depletion  layer.  Thus  the  induced 
millimeter  wave  current  density  taking  into  account  the  effect  of  both  transit 
time  and  absorptivity  is  of  the  form: 


J 


Jo  tl 


(8) 


where  JQ  is  in  Amperes  per  unit  area. 

3.  Laser  and  Material  Parameters 

Since  a  single  photon  can  generate  at  most  one  electron-hole  pair, 
long-wavelength  lasers  (e.g.,  CO  and  C02)  are  more  efficient  and,  therefore, 
narrow-gap  infrared  materials  are  of  particular  interest  for  this  application. 
Two  partial,  lists  of  CO  lasing  lines  which  would  yield  millimeter  frequencies 
are  given  in  Tables  1  and  2. 
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Table  1 

Partial  list  of  CO  Laser  Transitions  with  Beat  Frequencies  Near  240  GHz 


Transi tion 


3 

.4 
P(15) 
P(16) 
P  ( 1 7) 
P(18) 


Frequency 


1833.51 

1829.59 

237.0 

1825.51 

239.7 

1821.60 

241.5 

1817.56 

243.0 

1813.50 

Table  2 

Partial  List  of  CO  Laser  Transitions  with  Beat  Frequencies  Near  95  GHz 


Transitions 


Frequency 


.  11-10  P(ll)  and  9-8  P(24) 

94.8  GHz 

3.165 

5.43 

i.  10-9  P(23)  and  9-8  P(28) 

93.9  GHz 

3.195 

5.50 

1.  9-8  P (1 2)  and  8-7  P(19) 

95.7  GHz 

3.135 

5.30 

*v 
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Equation  (8)  indicates  that  the  values  of  absorptivity,  saturation 
velocity  and  responsivity  should  be  large  for  efficient  current  generation. 

A  material  with  a  large  thermal  conductivity  would  minimize  the  thermal  problem 
through  rapid  heat  conduction,  which  is  especially  important  for  high-power 
generation.  In  order  to  minimize  the  adverse  effects  of  the  diode  capacitance 
and  series  resistance,  which  limit  the  frequency  response  and  contribute  to  R? 
loss,  the  dielectric  constant  of  the  material  should  not  be  overly  large  but 
the  U+-layer  doping  be  high.  The  depletion  layer  width  which  is  limited 
because  of  the  transit-time  effect  must  also  approximately  satisfy  the  equation 


W  * 


(9) 


where  is  the  bias  voltage,  is  the  doping  concentration  of  the  N  layer, 
and  e  is  the  dielectric  constant.  The  narrow-gap  mixed  crystal  HgCdTe  appears 
to  be  a  good  candidate  material  to  be  used  with  the  CO  lasers  operating  at 
around  5  wavelength  and  will  be  used  for  the  configuration  design.  The 
parameter  values  of  this  material  are  given  in  Table  3. 


Table  3 

Parameter  Values  of  HgCdTe  at  77°K 


Parameters 

Values 

Absorptivity  (a) 

>105  m”' 

% 

Saturation  Velocity  (Vs) 

It  x  I05  M/S 

Dielectric  Constant  (e/eQ) 

17 

Thermal  Conductivity  (K) 

0.2  Watt/C°/cm 

Breakdown  Voltage  (V^) 

Greater  than  2  Volt 
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B.  FORMULATION 

A  simple  transmission  line  model  may  be  used  to  understand  the  travelling- 
wave  process.  For  the  optically  induced  current  distribution  under  consideration, 
however,  waveguide  configurations  are  more  efficient  for  power  generation 
because  of  their  inherently  strong  source-to-field  coupling  characteristics. 

We  will  first  develop  the  transmission  line  approach  to  gain  some  physical 
insights,  and  then  develop  the  waveguide  model. 


1.  Transmission  Line  Model 

It  is  easy  to  show  from  the  transmission  line  equations  that  the  trans¬ 
verse  voltage  V  of  a  transmission  line  driven  by  a  travelling-wave  current 
source  with  the  direction  of  propagation  along  z  satisfies 


-  ZYV  *  -  ZJ  'Q~ie'z 

for 


h<l<  h 


(10) 


where  <  z  <  Zg  is  the  source  region,  Z  is  the  series  impedance  per  unit 
length  of  the  line,  Y  is  the  shunt  admittance  per  unit  length  of  the  line,  J' 
is  the  current  amplitude  and  0'  is  the  propagation  constant  of  the  current 
source.  For  convenience  we  have  omitted  the  time  factor  elut  from  Equation  (10). 

The  solution  of  Equation  (10)  is  given  by  Equation  (Al6)  of  Appendix  A. 

The  first  equation  of  (Al6)  describes  the  voltage  propagating  to  the  left  from 
z  ■  z^  to  the  matching  impedance  at  z  *  0.  Since  Y  is  of  the  form  y  =  +  iB, 

where  is  the  loss  constant  and  0  is  the  propagation  constant  of  the  line 
itself,  the  left-going  voltage  is  negligible  when  the  interaction  is  phase- 
matched  (i.e.,  3  =  3').  In  contrast,  the  right -going  voltage,  as  described  by 
the  third  equation,  is  "resonantly"  large  for  3=3'.  Within  the  source  region 
the  voltage  is  described  by  the  second  equation  of  (Al6).  It  has  the  character¬ 
istics  of  a  growing  space-transient  wave,  as  expected,  because  energy  is  coherently 
added  to  the  wave  in  this  region. 
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2.  Waveguide  Model 

The  complex  electric  field  E  inside  a  uniform  metallic  waveguide  which 

^  iwt 

is  excited  hy  a  C’urrent  per  unit  area,  J,  with  time  variation  e  satisfies 

+  k h  »  1«uJ  (l 

V 


where  ^  denotes  vector  auatities,  k  =  w  ue  and  u  the  permeability.  E  may  be 
expanded  in  terms  of  the  waveguide  eigenmodes  as  follows : 


E(x,y,z) 


m,n 


A_  ( z) 
snn 


(12) 


where  A  (z)  is  the  z-dependent  "amplitude"  function.  Substituting  Ea.  (12) 
^ron 

into  Eq.  (ll),  multiplying  by  and  integrating  over  the  waveguide  cross 
section,  we  obtain 


1»u  //  0  *mn  dxdy 


03) 


k  being  the  eigenvalue  (i.e.,  cutoff  wave  number)  corresponding  to  <J>  .  For 

an  ^ 

^  *  Jy,  (ll)  simplifies  to: 


luu  //  J  dxdy 


OA) 


We  see  that  the  excited  mode  amplitude  A  is  large  when  the  overlap  integral 

an 

is  large  (i.e.,  strong  source  to  field  coupling).  It  is  usually  the  dominant  or 
lowest-order  mode  which  is  excited.  In  any  case  the  higher-order  modes  have 
much  larger  loss  constants  and  decay  rapidly  down  the  guide.  We  therefore  assume 
only  the  dominant  mode  is  excited  and  reduce  Eos.  (lM  and  (12)  to 


(k2  -  k })  A  «  Ion*  /J  J*(x)dx 
d?  c 


05) 
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E(x,z)  «  A(z)  *(x) 


(16) 


where  A(z)  is  the  dominant  mode  amplitude,  <t>  is  the  corresponding  eigenfunction 

and  k  is  the  cutoff  wave  number, 
c. 

In  deriving  Eqs.  (15)  and  (16),  the  following  assumptions  have  been 
made:  J  is  uniform  in  the  transverse  directions;  the  waveguide  cross  section 
is  symmetrical  about  x  =  0  with  J  confined  within  -s/2  <_ x  <_  s/2;  and  the 
dominant  mode  function  is  y-independent .  As  we  shall  see,  these  assumptions 
are  valid  and  appropriate  for  the  present  case. 


C.  WAVEGUIDE  DESIGN  AND  NUMERICAL  RESULTS 

1.  Possible  Configurations 

Ideally,  the  waveguide  structure  coupled  to  the  source  should  be  wide¬ 
band,  low  loss,  and  should  have  a  low  characteristic  impedance.  A  large 
bandwidth  allows  frequency  tunability  and  single-mode  operation,  while  low  loss 
allows  a  longer  structure  to  be  used,  which  would  minimize  the  thermal  problems 
and  thus  increase  power  handling  capability.  A  low  impedance  configuration  is 
desirable  for  high-power  generation  since  the  diode  is  voltage  limited.  Here 
the  characteristic  imoedance  Z  is  defines  as 

-  -rr 


Z 


v 


(17) 


where  P  is  the  average  power  and  Vq  is  the  maximum  voltage  across  the  guide. 
Additionally,  the  shape  and  dimensions  of  the  waveguide  cross  section  should  be 
such  to  provide  strong  coupling  between  the  mode  fields  of  the  waveguide  and 
the  distributed  diode  current  source,  as  suggested  by  the  overlap  integral  of 
Eq.  (15).  Because  of  the  transit-time  effect,  however,  the  active  HgCdTe  layer 
thickness  is  necessarily  limited  to  no  more  than  about  2  pm.  To  minimize  the 
effect  of  leakage  current  and  to  simplify  fabrication,  the  width  of  the  strip 
diode  is  probably  limited  to  no  more  than  about  25  urn.  The  cross  sectional  area 
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of  the  active  layer  is  therefore  about  2  jim  x  25  um,  which  is  small  compared 
to  that  of  a  standard  rectangular  waveguide  operating  in  the  millimeter  region 
(i.e.,  100  to  300  GHz).  This  suggests  that  a  ridged  rectangular  guide  be  used, 
with  the  Schottky  diode  modular  filling  the  gap  above  the  ridge.  Such  a 
configuration  would  provide  strong  source-to-field  coupling,  because  its 
dominant  mode  fields  are  known  to  be  concentrated  in  the  gap  region.  Moreover, 
ridge-guide  structures  are  inherently  wideband  and  tunable  over  a  wide  fre¬ 
quency  range.  Although  these  guides  are  more  lossy  than  the  corresponding 
rectangular  guides,  their  impedances  are  much  lower,  and,  therefore,  they  have 
proportionately  higher  output  capability. 

Both  the  single-ridge  guide  and  the  f inline  guide,  sketched  in  Fig.  3, 
would  provide  strong  coupling  between  the  source  and  the  fields,  the  latter 
corresponding  to  a  double-ridge  guide  of  negligible  ridge  thickness .  For  the 
single-ridge  configuration,  confinement  of  the  millimeter  energy  to  the  gap  is 
a  key  (but  manageable)  concern  because  of  possible  millimeter  wave  energy  loss 
through  the  slot  above  the  ridge.  The  CdTe  substrate  is  a  transparent  dielec¬ 
tric  at  the  5  Mm  laser  wavelength,  thus  absorption  of  the  laser  energy,  and 
hence  carrier  generation,  occurs  only  within  the  HgCdTe  layer.  The  configura¬ 
tion  as  illustrated  in  Fig.  U  would  be  a  good  approximation  of  the  ideal 
single-ridge  design,  which  would  not  be  very  difficult  to  realize.  For  the 
f inline  configuration  the  HgCdTe  layer  should  not  be  doped  as  a  conductor, 
so  that  it  would  behave  as  a  dielectric  and  would  not  significantly  alter  the 
modal  fields.  Since  the  fields  of  these  configurations  are  primarily  concen¬ 
trated  in  the  gap  region,  guide  walls  sufficiently  away  from  the  gap  may  be 
altered  for  diode  biasing  without  affecting  the  device  performance.  Various 
proven  techniques  for  biasing  diodes  mounted  in  this  type  of  structure  have 
been  reported  in  the  literature  and  will  not  be  discussed  here.^  Both  the 
cutoff  frequency  and  the  characteristic  impedance  of  these  ridge  guide 
structures  are  fairly  well  understood  and  can  be  readily  calculated.  * 

Using  these  calculations  for  the  ridge  guide  configuration  neglects  the  guid¬ 
ing  effects  of  the  dielectric  within  the  gap  and  thus  underestimates  the  field- 
current  coupling  efficiency.  As  might  be  expected  from  the  "gap"  volume 
consideration,  the  single  ridge  guide  has  a  lower  impedance  than  the  finline 
guide  and,  therefore,  the  former  is  superior  for  high  power  generation. 
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2.  Device  Performance 

In  this  section,  analysis  and  performance  calculations  are  made  for  a 
single  ridge  configuration  having  a  N-type  HgCdTe  layer  as  the  active  medium. 

*7 

The  dominant  mode  eigenfunction  4>(x)  is  given  by 

jcos(kcx),  -|<x<|and-d<y<0  (l8> 

(0  ,  elsewhere 

Substituting  Eq.  (l8)  and  the  expression  for  the  travelling-wave  current  into 
Eq .  (15),  we  have : 


luu 


IS 


10'2 

d 


2slnc(kcS/2) 
1  +  si nc(kcS ) 


(19) 


where  V  =  Ad,  the  maximum  voltage  across  the  guide,  I  is  the  laser-induced 
0  .0  2  2  2 

millimeter  current  amplitude  in  the  strip  diode,  sincx  =  sin.  x/x,  -y  =k  -k  = 

2  * 

(ac+  i3)  ,  and  l  is  the  active  layer  length  extending  from  z  '  0  to  z  =  i  along 

the  guide  axis.  The  output  power  of  the  device,  P,  is 


P 


(20) 


V  as  a  function  of  z  in  the  active  region  0  i  z  i  ^  is  found  from  the  Green's 
function  technique  of  Appendix  3  to  be 


VM  5,"C(kS/2)  lf.-ISI 

V~S~lr+  ifndk^lllTis^ 


(e-,58z.e' 


V) 


(21) 


4  e^SZ  (e-i2st.  -  16SZ  -  acU-z)_e-12sz  -  1«0ZjJ 

where  we  have  substituted  3  +  5S  for  S'and  z.  =  0  and  z„  *  l.  For  the  ideal 
phase-matched  case,  where  the  current  source  and  the  mode  fields  are  in  perfect 
synchronism,  <5S  *  0.  We  have  also  made  the  usual  assumption  that  ,  5B  <<  3 
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which  is  valid  for  most  cases  of  practical  interest.  Waveveetor  mismatching, 
<53,  may  result  from  mislignment  between  the  lasers  or  with  respect  to  the 
waveguide  axis.  The  effect  of  misalignment  on  the  wavevector  is  quantitatively 
studied  in  Appendix  C. 

The  millimeter  power  at  points  along  the  active  region  for  frequencies 
100,  150  and  200  0Hz  is  shown  in  Figures  5  and  6.  The  active  length,  height 
and  width  of'  the  strip  diode  used  in  the  calculation  are,  respective,  A  =  5  Um, 
S  =  25  um  and  d  =  1  urn.  These  values  were  chosen  from  a  tradeoff  study,  taking 
into  account  the  effect  of  both  transit-time  and  heat  generation,  as  well  as 
the  state-of-the-art  HgCdTe  technology.  The  induced  millimeter  current 
amplitude  Iq  in  the  active  region  is  2  amp,  which  corresponds  to  about  1  watt 
of  optical  power  from  each  of  the  two  CO  lasers.  For  each  frequency  the 
values  of  ^  ,  3,k  ,  a  and  Z  corresponding  to  the  waveguide  a  and  b  dimensions 

G  C  C  V  —  g 

were  calculated  from  references.  9  9  These  and  other  parameter  values  are 

given  in  Table  U, 


Table  4 

Partial  List  of  Parameter  Values  used  in  the  Calc-»?*-ions 


f  (GHz) 

\c(M) 

eCM"1) 

kc(M*’) 

ac(M-1) 

(OHMS) 

axb (mmxmm) 

Standard 

Waveguide 

Designation 

200 

0.016 

1.7x10** 

383 

39 

2.72 

1.295x0.6475 

WR5 

150 

0.021 

1.3x10** 

298 

27 

2.69 

1.650x0.8255 

VR6 

100 

0.033 

8.6x10^ 

192 

14 

2.65 

2.540x1.2700 

WR1 0 

In  order  for  the  device  to  have  gain,  the  applied  DC  voltage  must 
exceed  the  AC  voltage  generated  by  the  propagating  millimeter  wave.  DC 
voltages  for  three  selected  power  levels  are  also  shown  in  Figures  5  and  6. 
For  example,  if  2  watts  of  output  power  is  required,  the  diodes  must  be 
reverse  biased  to  at  least  4  volts. 
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Figure  6.  Millimeter  Power  P  Along  the  5  mm  HgCdTe  Active  Region  in  Gap  of  Single-Ridge  Guide 

at  77°  K  with  Impedance  and  Phase  Matched  (see  Table  ^  for  the  Other  Parameter  Values) 
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Figure  5  shows  the  effect  of  the  phase-mismatch  error  due  to  laser 
misalignment  as  discussed  in  Appendix  C.  The  output  power  of  the  device, 
which  is  the  value  of  P  at  z  *  i,  is  relatively  insensitive  to  the  orientation 
angles  4^  and  for  angle  values  smaller  than  about  10°.  However,  the  output 
power  is  sensitive  to  the  error  in  9,  especially  at  higher  frequencies.  The 
10$  error  in  9  used  in  the  calculation  is  probably  large,  for  the  nominal 
values  of  9  are  on  the  order  of  milliradians  and  therefore  much  smaller  error 
should  be  achievable  experimentally.  Figure  6  shows  that  the  output  power  is 
relatively  insensitive  to  frequency,  implying  that  the  device  has  frequency- 
tunable  characteristics.  Since  it  is  proportional  to  the  square  of  the  total 
current,  the  output  power  would  increase  rapidly  with  increasing  current  or 
with  laser  power. 


21' 


* 


<L-  < 


Rockwell 

fTf  International 


3.0  EXPERIMENTS  OF  THE  LASER- INDUCED  CONCEPTS 

Two  experiments  were  conducted  to  verify  the  laser-induced  concept  of 
millimeter  wave  generation  by  laser  intensity  modulation  in  diode/waveguide 
structures. 

In  the  first  experiment,  we  successfully  verified  the  modulation  concept  using 
a  point-like  diode  structure!0  In  the  second  experiment,  an  unsuccessful 
attempt  was  made  to  verify  the  traveling-wave  concept  using  a  layered  diode 
of  5-mm  in  length.  Both  experiments  are  described  in  this  chapter. 

A.  POINT-DIODE  EXPERIMENT 

This  section  describes  the  experiment  which  was  conducted  to  verify 
the  concept  of  millimeter  wave  generation  by  laser  intensity  modulation  in  a 
point  diode  structure.  A  point-source  Hgj^CdxTe  diode  operating  at  77°K  was 
used  in  the  experiment.  This  diode  was  fabricated  on  a  10-vim-thick  epitaxial 
HgCdTe  layer  grown  on  a  transparent  CdTe  substrate.11  Optical  intensity 
modulation  at  the  millimeter  frequency  was  provided  by  the  interference  of 
two  overlapping  CO  lasers  oscillating  at  5.467  pm  and  5.478  pm  wavelengths. 

Figure  7  is  a  photograph  of  the  two  CO  lasers  constructed  for  this  experiment. 

As  expected,  the  output  millimeter  frequency  was  equal  to  the  laser  beat  of 
110  GHz. 

The  Hg^xCdxTe  diode  structure  is  depicted  in  Figure  8.  The  x  value 

was  chosen  to  be  0.26.  For  this  x  value  the  absorption  edge  of  the  interband 

transition  is  6.5  pm  at  77°K,  implying  that  the  layer  is  highly  absorptive  to 
the  CO  laser  radiation.12  The  substrate  was  first  lapped  to  a  thickness  of 
125  pm  and  an  n+  region  was  implanted  on  the  epilayer  surface  using  boron  atoms 

at  100  keV.13  The  implantation  caused  a  damaged  n+/p  junction  of  3  to  5  pm  in 

thickness  below  the  n+  surface.  After  an  indium-metallization  of  the  n+  surface, 
the  implanted  layer  was  then  mesa-etched  to  define  the  diode,  as  shown  in 
Figure  8.  In  order  to  reduce  the  surface  leakage  current  and  series  resistance, 
photolithographic  techniques  were  also  employed  to  passivate  the  junction  edge 
with  ZnS,  and  to  make  an  Au/Sn  ohmic  contact  to  the  p-layer  close  to  the  active 
chips,  each  containing  a  ring-shape  diode,  for  mounting  in  the  mm-wave  waveguide. 
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Figure 


Figure  8.  Top  and  Cross  Sectional  View  of  the  Heterostructure  n+/p 
HgCdTe  Photodiode  (The  thickness  of  the  epitaxial  layer  is  not 

drawn  to  scale.) 
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The  diode  has  a  reverse  leakage  current  on  the  order  of 
nanoamperes  and  a  breakdown  voltage  of  2  to  3  volts  at  77°K. 

Its  infrared  spectral  response  shows  a  cutoff  wavelength  between  6.0  and 
6.5  um.  The  junction  capacitance  measured  at  a  reverse  bias  of  0.5  volt  is 
0.15  pF,  implying  that  the  depletion  region  is  2  ym  wide.  In  the  absence  of 
laser  radiation,  the  series  resistance  of  the  diode  is  200  ohms,  measured  under 
forward-biased  conditions.  However,  it  reduces  to  less  than  10  ohms  when  the 
laser  is  applied,  apparently  due  to  excited  carriers  between  the  diode  and  the 
ohmic  contact.  Therefore,  the  RC  cutoff  frequency  is  enhanced  by  laser 
illumination  to  beyond  100  GHz.  This  suggests  that  the  effective  conductivity 
of  the  undepleted  portion  of  the  HgCdTe  layer  in  a  distributed  configuration 
would  also  increase  significantly  under  laser  illumination,  thus  minimizing 
the  loss  of  millimeter  energy. 

The  modulator /waveguide  structure  is  depicted  in  Figure  9.  The  diode 
chip  is  mounted  on  a  Be-Cu  post  inserted  in  the  reduced-height  mm-waveguide 
of  dimensions  0.3  mm  x  2.5  mm.  The  lasers  are  incident  from  the  backside  of 
the  diode  via  a  small  cone  machined  in  the  sidewall  of  the  waveguide.  The 
diode  is  connected  by  a  gold  wire  bonded  on  the  n+  surface  to  a  thin-film 
choke  for  dc  bias  and  monitor.  Efficient  coupling  between  the  diode  and  the 
waveguide  fundamental  mode  is  accomplished  by  the  choke,  a  mechanically 
tunable  backshort  and  a  four-step  impedance  transformer  leading  to  a  conven¬ 
tional  WR-10  waveguide.1**  The  generated  mm-wave  then  propagates  in  a  stainless 
steel  waveguide  to  a  room-temperature  crystal  rectifier  (sensitivity  500  V/W) 
for  detection.  Vacuum  seal  is  made  using  a  CaF2  laser  window  and  a  0.001- 
inch-thick  Mylar  window  in  the  waveguide  flange.  The  response  of  the  HgCdTe 
diode  to  a  weak  broadband  infrared  signal  is  shown  in  Figure  10(a).  In 
order  to  test  the  coupling  between  the  diode  and  the  mm-waveguide,  a  95-GHz 
signal  from  an  IMPATT  oscillator  is  injected  into  the  Dewar  via  the  stainless 
9teel  waveguide.  The  diode  dc  response  to  such  an  mm  signal  is  shown  in 
Figure  10(b)  where  the  I-V  curves  are  taken  with  increasing  RF  power, 
suggesting  that  this  device  may  be  useful  also  as  a  sensitive  detector  for 
millimeter  radiation.  The  observed  video  detection  is  due  to  rectification 
expected  from  the  nonlinear  exponential  characteristics  of  the  forward- 
biased  HgCdTe  diode. 
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Diode  I-V  curves  in  the  presence  of 
a  95  GHz  input  signal.  The  rf 
power  is  zero  for  the  curve  on  the 
right,  and  is  0.1,  0.2,  0.4,  0.8, 
and  1,6  uW,  respectively,  for  subse¬ 
quent  curves  to  the  left. 


Diode  characteristics  when  the 
laser  radiation  is  applied.  The 
vertical  scale  should  be  0.5  taA/ 
div. ,  since  the  current  is  measured 
by  a  100-ohm  resistor  in  series 
with  the  junction. 
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Figure  10.  Diode  I-V  Curves  and  Characteristics 
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The  experimental  setup  for  millimeter  wave  generation  is  as  depicted  in 
Figure  2,  a  photograph  of  which  is  given  in  Figure  11.  Two  waveguide  CO  lasers 
oscillating  at  5.467  pm  and  5.478  pm  wavelengths  were  combined  to  produce  a 
beat  of  110  GHz.  For  each  of  the  lasers,  single-line  operation  and  line 
control  were  accomplished  with  an  intracavity  grating,  with  laser  output  power 
of  about  100  tnW.  The  beams  were  combined  with  a  50-percent  beamsplitter  and 
focused  in  the  liquid  nitrogen  Dewar  housing  the  diode/modulator  structure. 

When  the  modulator  was  illuminated  by  the  laser,  a  relatively  large  dc  photo¬ 
current  and  a  significant  reduction  in  the  forward  resistance  were  observed 
[see  Figure  10(c)].  When  the  absorbed  laser  power  was  sufficiently  large  to 
produce  a  dc  photocurrent  of  about  10  mA,  ai  mm-wave  signal  was  detected  at  the 
output  of  the  crystal  rectifier.  The  maximum  mm-wave  output  was  0.75  pW, 
observed  when  the  HgCdTe  diode  was  reverse-biased  at  0.5  volt  in  the  flat 
region  of  the  I-V  curve  before  breakdown.  The  frequency  of  the  generated  mm- 
wave  was  verified  from  the  backshort  tuning  to  be  consistent  with  the  laser 
line  separation  (110  GHz).  Although  the  laser-induced  dc  photocurrent  was 
about  10  mA,  the  millimeter  current  was  only  about  100  pA.  For  this  milli¬ 
meter  current  value,  the  observed  output  power  of  about  1  pW  is  approximately 
in  agreement  with  calculations.  Several  factors  limited  the  millimeter 
current  amplitude,  including  laser  misalignment  (cross  polarization),  photo 
absorption  outside  the  depletion  layer,  carrier  velocity  saturation,  and  the 
decrease  of  quantum  efficiency  with  increasing  frequency.  However,  these 
adverse  effects  would  be  minimized  with  a  distributed  configuration  and 
therefore  higher  device  efficiency  and  output  power  would  result. 
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B.  DISTRIBUTED-DIODE  EXPERIMENT 

This  section  summarizes  the  effort  on  the  distributed  diode  experiment. 
As  previously  mentioned,  the  purpose  of  this  experiment  was  to  demonstrate  the 
traveling-wave  concept.  However,  we  were  unsuccessful  in  fabricating  a  strip 
diode  after  several  attempts,  and  therefore  the  concept  demonstration  could 
not  be  made.  Even  though  we  were  unable  to  demonstrate  the  merit  of  the 

traveling-wave  concept,  we  have  learned  a  great  deal  from  our  developmental 
effort,  particularly  in  diode  design  and  fabrication  techniques.  In  what 
follows  we  will  summarize  the  results. 

The  distributed  diode/waveguide  configuration  which  we  have  attempted 
is  sketched  in  Figure  12.  It  is  basically  a  finline  structure  housed  in  a 
rectangular  waveguide,  with  the  diode  in  the  finline  slot.  The  configuration 
is  designed  for  operation  at  100  GHz,  and  its  dimensions  are  based  upon  the 
analysis  and  tradeoff  results  obtained  in  Chapter  II.  A  photograph  of  the 
configuration  components  is  given  in  Figure  13. 

The  active  finline  structure  and  its  supporting  quartz  substrate  are 
sketched  in  Figure  14.  The  active  region  has  a  ly  gap  and  a  5-mm  length. 
Impedance  matching  is  provided  by  the  metallic  exponential  tapers.  These 
tapers  are  about  4  guide  wavelengths  long  and  should  provide  extremely  good 
matching,  as  suggested  by  the  calculations  shown  in  Figure  15. 

The  metallic  tapers  on  the  quartz  substrate  as  well  as  the  active  fin¬ 
line  structure  were  fabricated  via  photolithograph.  Partly  due  to  the  poor 
quality  HgCdTe  diode  materials  which  were  available  to  us  and  partly  due  to 
our  limited  experience  working  with  the  materials,  we  were  not  successful  in 
fabricating  a  strip  diode.  A  photograph  of  a  typical  fineline/diode  "fabri¬ 
cated"  is  shown  in  Figure  16.  Figures  17  and  18  are  photographs  of  a  typical 
HgCdTe  sample. 
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Figure  13.  Photograph  of  Distributed  Diode/Waveguide  Configuration 
(This  design  is  for  operation  at  100  GHz.) 
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Figure  15.  Amplitude  Reflection  Coefficient  (r)  Vs.  Normalized 
Taper  Length  (£/\g)  (Finline) 
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Figure  16.  Photograph  of  a  Broken  Diode/Finline  Structure 


I 

i 


Rockwell 

fTf  International 


EDGE  VIEW 


Space  Operations  and 
Satellite  Systems  Division 
Space  Systems  Group 


Rockwell 

fTf  International 


4.0  TRAVELLING-WAVE  IMPATT  MODE  IN 
A  RIDGEGUIDE  CONFIGURATION 

In  this  chapter  the  preliminary  analytical  results  we  have  obtained  for 
a  distributed  IMPATT  diode/waveguide  structure  are  presented.  The  structure 
consists  of  an  elongated,  layered,  Read-type  diode  in  the  gap  of  a  ridge  guide, 
very  similar  to  the  single-ridge  configuration  of  Figure  U.  The  layered  diode 
is  sandwiched  between  and  metallically  bonded  to  the  guide  ceiling  and  ridge. 

This  particular  configuration  is  chosen  mainly  because  of  its  inherently  strong 
current-to-field  coupling  characteristics.  As  in  point-like  IMPATT  diodes, 
the  source  current  is  a  consequence  of  the  avalanche  effect  when  the  diode  is 
reverse  bias  at  saturation.  In  this  efficient -coupling  configuration,  however, 
the  field-current  interaction  induces  a  growing  travelling  wave  which  extracts 
energy  from  the  DC  bias. 

Although  several  workers  have  studied  the  distributed  IMPATT  mechanism 
in  a  parallel-plate  configuration,  no  such  study  has  been  made  for  a  ridgeguide 
configuration.  Medford  and  Bowers  actually  constructed  a  parallel-plate  confi¬ 
guration  and  observed  travelling-wave  behavior. However,  the  observed  RF  gain 
was  very  small,  probably  due  to  the  inherently  weak  current  to  field 
coupling  in  a  parallel-plate  structure.  Using  the  transmission  line 
approach,  Davydova,  et.  al.  subsequently  analyzed  the  parallel-plate  configura¬ 
tion  and  found  qualitative  agreement  with  the  findings  of  Medford  and  Bowers 
Robson  and  Hambleton  also  analyzed  the  parallel -plate  configuration  using  the 
equivalent  negative  conductivity  approach. ^  More  recently,  Franz  and  Beyer 
presented  a  detailed  analysis  of  the  parallel  plate  configuration,  by  considering 

.  Q 

the  interaction  of  the  avalanche  carriers  with  the  field  in  the  active  region. 

As  previously  mentioned,  the  present  work  is  on  the  IMPATT  gain  and  travelling- 
wave  behavior  in  a  ridge-guide  configuration. 

As  originally  suggested  by  Read,  the  diode  under  operating  condition  may 
be  considered  as  consisting  of  two  adjacent  layered  regions:  a  negligibly 
thin  layer  where  avalanche  carriers  are  generated  and  a  region  where  these 
carriers  drift  at  their  saturation  velocity.  In  a  P+NN+  Read  diode,  for 
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example,  the  avalanche  region  is  located  Just  inside  the  N  region  next  to  the 
?+N  Junction,  while  the  drift  region  is  the  rest  of  the  depleted  II  layer.  The 
total  current  in  the  drift  region  of  such  a  P+NN+  structure  is  primarily  the 
electron  current,  or  the  majority  current,  because  the  holes  generated  are 
quickly  swept  into  the  P+  region.  For  a  H+?P+  diode,  on  the  other  hand,  hole 
current  predominates  in  the  drift  region. 

Following  Read's  approach  and  considering  an  elongated  P+!IN+  structure, 

we  may  write  the  Read  equation  for  the  current  density  J  in  the  avalanche 

18  1 
layer  as  follows: 


r  w-'  '  - 


+  Jc 


where  7  is  the  transit  time  across  the  avalanche  region  of  thickness  y  , 
the  ionization  constant,  and  is  the  saturation  current  density. 


(22) 


a  is 


Solving  Equation  (22)  and  the  appropriate  Maxwell's  equations  for  an 
active  ridgeguide  configuration,  we  found  from  our  preliminary  formulation  and 
small-signal  analysis  that  the  mode  amplitude  of  the  excited  travelling  wave, 
A,  satisfies  the  equation: 


d2A 

J7 


-ft  +a2-  g#+  i(2pat-g") 


A  =  0 


(23) 


where  ^andO^re,  respectively,  the  propagation  constant  and  the  loss  constant 

(24) 


of  the  unperturbed  mode,  g'  and  g"  are 

.  2Jm+H  »  Jc 


g'  = 


<jj*j 

.2 


Q#f  -2(m+J1u  c  sin %frfZ 

9  F  EJT  wW 

In  Equat ion  (2b) ,  J 


is  the  DC  current  density,  E^  is  the  critical  DC  field, 

T^is  the  transit  time  across  the  drift  region,  u>is  the  millimeter  frequency, 

18 

pi  is  the  permeability,  M  is  the  ionization  index  (~6)  as  defined  by  Read. 

From  Equations  (23)  and  (2b)  the  gain  constant  of  the  travelling  wave, 

Go,,  is  approximately  given  by 

Ga=  ac-  9"/20  M-1  (25) 
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To  estimate  the  magnitude  of  the  gain  constant,  we  consider  a  Si  diode  in  the 

single-ridge  configuration  designed  for  100  Hz  operation.  The  Si  parameter 

values  are  (MKS  units)  £  -  11.8,  E  »  3  X  10?,  J  -  108 ,  V„  -  105  and 

-6  c  c  S  . 

W  ■  1.5  X  10  .  The  calculated  waveguide  parameter  values  are  3  *  7.16  x  10  , 

a  *  11.66,  Z  «■  3.18,  t  ■  1.5  X  10  ^  and  t.  «  5  X  10  For  these  values 

c  1 

the  gain  constant  is  calculated  to  be  about  15  db  oer  millimeter.  The  estimated 
gain  constant  for  GaAs  is  about  the  same.  Other  materials,  such  as  Ge,  GaP 
etc.,  are  also  being  considered  for  possible  use. 

To  summarize,  our  preliminary  results  indicate  that  the  ridgeguide 
traveling-wave  IMPATT  is  by  far  much  more  efficient  than  the  parallel-plate 
configuration  previously  studied. 
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5.0  CONCLUSIONS 

LASER-INDUCED  DISTRIBUTED  CONFIGURATION 

As  a  solid-state  millimeter  source,  the  laser-induced  distributed- 
source  configuration  is  attractive  for  at  least  three  reasons.  It  has 
high  device  efficiency,  it  has  high  output-power  characteristics,  and  it 
is  potentially  compact  and  lightweight.  There  are  two  factors  contributing 
to  high  device  efficiency.  First,  in  the  configuration  examined 

the  laser-induced  current  which  synchronously  excites  the  structure 
to  generate  millimeter  waves  is  directly  proportional  to  the  laser  modula¬ 
tion.  With  the  interference  technique,  it  is  theoretically  possible  to 
convert  50  percent  of  the  total  laser  power  into  the  modulation.  Second, 
the  current-to-field  coupling  is  inherently  strong  in  the  ridge  guide 
structure,  because  the  Schottky-diode  modulator,  where  the  millimeter 
current  is  induced,  occupies  the  gap  region  in  which  the  mode  fields  are 
concentrated.  Perhaps  as  significant,  the  calculation  indicates  that  a 
dielectric-loaded  ridge  waveguide  should  provide  excellent  coupling  to 
other  solid-state  oscillators.  As  for  the  high-power  output,  analysis 
and  tradeoff  study  indicate  that  CW  output  in  the  multiwatt  range  should 
be  realizable  providing  cooling  of  the  diode  material  is  adeauate.  Thus 
far  we  have  only  investigated  the  diode  material  HgCdTe  in  some  detail. 

Other  materials  (for  example,  InSbAs)  may  possibly  provide  better  device 
performance. 

RIDGEGUIDE  DISTRIBUTED  IMP ATT  CONFIGURATION 

Our  preliminary  analysis  and  calculation  indicate  that  the  ridgeguide 

distributed  IMPATT  configuration  Is  potentially  a  very  high-gain  and  efficient  millimeter 

source.  It  is  by  far  superior  to  the  parallel-plate  IMPATT  configuration 

9 

analyzed  by  Franz  and  Beyer.  This  is  not  unexpected  because  the  current- 
to-field  coupling  is  much  stronger  in  the  ridgeguide  structure.  As  compared 
to  the  laser-induced  distributed  configuration,  the  ridgeguide  distributed 
IMPATT  is  much  easier  to  implement  and  incorporate  in  a  system.  This 
is  so  because  its  operation  requires  only  a  DC  battery  (i.e.,  similar  to 
point-like  IMPATT  operation)  and  avoids  the  usual  alignment  and  stability 
problems  associated  with  optical  excitation. 
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APPENDIX  A.  TRANSMISSION  LINE  MODEL 


From  Eq.  (10)  the  transverse  voltage  V  satisfies 

^r-  ZYY  -  -  ZJ*  e'iB'z  ,  z,  <  z  <  z2 

dz^  1  z 


(Al) 


We  will  solve  Eq.  (Al)  using  the  Green's  function  technique  by  first  finding 
the  voltage  response  G(z,z')  to  a  point  current  source  at  z"  on  an  arbitrarily 
terminated  line.  Referring  to  Fig.  Al ,  G(z,z')  satisfies 


■^4  -  ZYG  -  -  Z<S(z  -  2') 
dzz 


(A2) 


where  the  delta  function  <S(z  -  z')  denotes  the  unit  point  current  source  at 
z  ■  z'.  In  the  figure,  Zg  is  the  characteristic  impedance  of  the  line;  Zj  and 
Z2  are  the  terminating  impedances  at  z  »  0  and  z  *  l,  respectively;  V.  and  lj, 
i  *  1  or  2,  are  the  voltages  and  currents.  The  voltage  V  due  to  the  travelling 
current  is 


Y(l) 


All. i')  r  e-,s'2'  iz- 

0 


(A3) 


For  notation  convenience  we  define 


G(z.z')  ■< 


V^tz.z')  for  o  <  z  <  z" 
V2(2,zO  for  z'  <  z  <  i 
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The  solution  of  Eq.  (A2)  for  0  <  z  <  z'  is  simply 


V  ■  V  pTZ  .  y  a*T2 

*1  ¥11  e  Y12  e 


where  y  *  /ZY.  Physically,  Vjj  eYz  is  the  left-going  voltage  wave  while 
V]2  e“^z  is  the  right-going  voltage  wave  in  the  region  0  <  z  <  z'.  The  corres¬ 
ponding  current  lj  is 


■l  -  -  e_1 


The  voltage  reflection  coefficient,  P],  at  z  >  0  is 


zi-*o 


1  h^1 0 


Eqs.  (A4)  and  (A5)  now  simplify  to 


V1  *  V11  e+Y2  (1  +  px  e'2rZ) 
'l  •  V  (»!  -  1) 


,0  <  z  <  2- 


where  Vjj  will  be  determined  from  the  source  conditions  at  z  *  z'.  In  a  similar 
fashion  the  voltage  V£  for  z"  <  z  <  l  is 


V2  ■  *21  *  »22 
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and  the  current 


i  s 


I 


2 


(A9) 


V  2  —  v  2 

where  V-j  e'  and  V 22  «  are  the  left-going  and  right-going  voltage  waves, 
respectively.  Since  the  voltage  reflection  coefficient  P2  at  2  *  l  is 


p2 


e2yt 


Eqs.  (A8)  and  (A9)  simplify  to 


(l  +  02  e2T,2-‘)) 


2“  <  Z  <  l 

p2  e2Y(2-*>) 


(A10) 


At  z  *  z'  the  voltage  must  be  continuous.  This  implies  that  ~  Vj(z  )  * 

therefore, 


e 


-T* 


(1  +  p2  e 


IL 


Similarly,  the  unit  current  at  z '  must  be  equal  to  I 2 (z")  -  Ij(z');  therefore. 


(1 


p2 


’22 


- 


,-2yz' 


1)  V 


11 


2q  (A12) 


-45- 


Jin,  Rockwell 

International 


Using  Cramer's  determinant  rule,  we  have 

22  2(1  -  »lP2  e"2T1) 


(A13) 


20  e^(l  ♦  p2  e2^> 
Y11  “ 


) 


2(1  -  Plp2  e'Zn) 


Substituting  the  above  into  the  equations  for  and  V^,  we  have  the  Green's 
function  for  an  arbitrarily  terminated  transmission  line  excited  by  a  point 
current  source  at  z' : 


z'  <  z  <  l 


(A14) 


0  <  2  <  Z‘ 


For  our  case  where  the  current  source  is  a  travelling-wave,  extending 
from  z'  ■  Zj  to  z'»  z^,  and  where  the  line  is  impedance-matched  to  z  ■  0  and  at 
z  •  l  (see  Fig.  Al),  tq.  (Aik)  reduces  to 
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G(z,Z') 


f  .-yU-Z") 

2  B 


0  y(z-z') 

T  e 


,  z-  <  z 


.  2  <  Z- 


(A15) 


Using  Eqs.  (A3)  and  (A i 5 )  we  have 


(  eTZ  f  -(y+iB)2 


V(z)  «  K 


-elL_[ 

r  +  is'l 


,0  <  z  <  z. 


( A 1 6 ) 


yZ  /  -(r+lB)Zj  -(y+iB^ 


y  +  is 


>le 


-  e 


.  Zi  <  2 


,-yz  /  (Y-i8)z2  ( y-i s) z^ \ 


e  I  '  - Z  _* '  - 1  ) 

LTT-“  T6Tle  "6  / 


,  Z2  <  2  <  t 
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G (z,Z')  » 


Aj(z.z')  for  0  <  z  <  z- 


P^iz,!')  for  z'  <  z  <  t 


(BA) 


The  solution  of  £q.  (B3)  for  0  <  z  <  z'  is 


A1  *  AU  «'t2  f  *12 


(B5) 


v-  _ 

where  A^e'  and  A^e  T*  are  the  left  and  right  propagating  electric  field 

A 

amplitudes,  respect! vely.  From  £  *  A(z)4>(x)y  and  the  Maxwell  equation 

u  e  3A  ^(x) 

Hx  3z  TwIT" 


we  obtain 


-75T  -  H  e",2)*(x) 


(B7) 


where  *  A^./A^  is  the  amplitude  reflection  coefficient  at  z  ■  0  given  by 


,  .Z1‘Z0 
1 


IB8) 


The  field  expressions  in  the  region  0  <  z  <  z"  are  then  given  by 
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Ey  -  -  Au  eYZ  (1  +  o,  e'tT‘)  *(x) 


2y*x 


:i 


(B9) 


H 


X  lujy  3Z 


eTi  (1  -  »,  e'2lrtl  tlx) 


with  ZQ  5  i(op/y  and  to  be  determined  from  the  source  conditions  at  z  *  z' . 
Similarly,  the  field  amplitude  for  z '  <  z  <  l  is 


*2  *  *22  (e~TZ  +  p2  eTZ  e"2n> 


and 


*22 


(e‘YZ  -  A-  a-2 yts 


»2  e  «  T  )  *(x) 


(Bio) 


(BID 


2T£ 

where  p2  *  V2 -j 22  e  *s  th®  reflection  coefficient  at  z  *  l.  The  field 
expressions  for  z'  <  z  <  it  are  then  given  by 


Ey  •  A^fx)  »  A22  e*YZ  (1  +  p2  e 


,YZ(z-l) 


H  ■  £i*I  =  „  ^22  -yZ  2y(z-l) 

X  3z  Tw “  TJ  e  U  -  P2  e 


)  *(x) 

)  ♦(  x) 


(BI2) 


At  z  m  z‘ ,  Ey  must  be  continuous  and  so 


e’YZ'  (1  +  p2  e2Y{z"‘t))  A22  -  eYZ'  (1  ♦  e‘2YZ')  An 


(B13) 


Now  the  magnetic  field  Hx  at  z"  must  be  discontinuous  to  account  for  the  point 
current  source  there.  Quantitatively,  from  Eq.  (B2)  we  have 
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3?A2{z0  -  3?  Al(2'}  *  ‘l 


(BI4) 


and  so 


«•”'«  •  1  =2t,2'-‘1I  »a  ♦  e«'(l  -  0l  e-2«'l  AU  -  z,  (B,5) 


Since  these  equations  are  similar  to  those  for  the  transmission  line  case  in 
Appendix  A,  the  procedures  for  finding  the  Green's  function  are  identical  and 
therefore  will  not  be  repeated  here. 
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APPENDIX  C.  WAVEVECTOR  ERROR  DUE  TO  MISALIGNMENT  ERRORS 


Let  z  be  the  true  direction  of  propagation  along  the  waveguide  axis 
for  the  perfect  phase-match  case,  and  z"  be  the  perturbed  direction.  We  see 
from'Fig.  Cl  that  the  alignment  between  the  two  lasers  is  described  by  the 
angle  0,  and  that  the  laser  misalignment  with  respect  to  the  z  axis  (waveguide 

a 

axis)  is  described  by  and  $2*  bet  Bz  be  the  wavevector  of  the  dominant 
mode  to  be  phase  matched  by  the  induced  current  source.  Ideally,  we  would 
like  to  have 


£l  *  *2  *  8? 


Since  ~  k  for  frequency  considered,  we  have 

%  "  ^2*  “  2ks1n  9/2 


We  see  fromEqs.  (Cl)  and  (C2)  that  the  conditions  for  perfect  phase-match  are 


2ks1n  a/2  «  a 


k.  -  ko 

-1  -Z 


|  A. «  — 

*•1  ^2 


For  angle  error  69  «  9, 
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l&l  '  ^  “  2ks1n  j  +  k  cps  j  60  *  B  +  «S 
and  the  corresponding  z  component  S'*  is  then  given  by 
3".  ■  [2ksin  |-+  kcos(|)69]  cos  ^  cos  $2 

The  overall  wavevector  mismatch  (50)  resulting  from  the  misalignment  angle, 
58,  and  the  orientation  angles,  ^  and  4>2»  *IS  then  given  by 


(C4) 


(C5) 
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